Abstract -The excited states of plasmas for surface treatments have been detected by emission and absorption spectroscopy. For steel nitriding, the absorption spectroscopy using a dye laser ( C A R S ) has given the vibrational N2 (X,V) densities which are the most relevant species with N atoms and N 2 ' ions. For TiN deposition, the emission spectroscopy has given the best working conditions of the hollow cathode discharge presently used.
INTRODUCTION
Low pressure discharges are commonly used for surface coatings as steel nitriding (ref. 1 ) and TiN deposition on metals (ref. 2) . Although plasma nitriding is nowadays widely used commercially and many of the metallurgical problems solved, there are still unanswered questions about the glow discharge, for instance the active species are not well known. It is the purpose of the present work to analyse the glow discharge by emission and absorption spectroscopy in operating conditions of plasma nitriding and plasma deposition of TiN on steel surfaces.
EXCITED STATES OF PLASMAS FOR STEEL SURFACE NITRIDING
A typical reactor is shown in Fig. 1 . It has been described in detail elsewhere (ref. 3) . A flowing N2-H2 plasma was performed between the metal surface to nitride which is the cathode (K) and the reactor walls which are the anode (A) at the ground potential. The plasma fulfills the two functions of to heat the metal surface by ions bombardment and to create the active species for the metal surface nitriding. The light emitted by the plasma is detected through a hole (0) in the plasma reactor by using a Jobin-Yvon monochromator (resolution limit 6X = 0.2 8 ) . 
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The e x c i t e d s t a t e s o f N2+, N2, NH, H, N , N+ and Fe have been d e t e c t e d ( r e f . 3 ) . The N2' e m i s s i o n (1st n e g a t i v e ) was found t o be t h e most i n t e n s e i n Nz and N2-H2 mixtur e s a t p r e s s u r e o f 2-3 T o r r and c u r r e n t d e n s i t y o f about 5 mA cm-. The r o t a t i o n a l s t r u c t u r e o f t h e N2' , 1st n e g a t i v e R-branch, h a s been r e c o r d e d and N2+ r o t a t i o n a l t e m p e r a t u r e ( T N~+ ) h a s been c a l c u l a t e d from t h e boltzman graph. I n t h e n e g a t i v e glow n e a r t h e c a t h o d e f a l l o f t h e N2-H2 d i s c h a r g e s , T N~+ h a s been found t o b e c l o s e ( r e f , 3 ) t o t h e c a t h o d e t e m p e r a t u r e (TK) which h a s been measured w i t h a thermocouple. Prec i s e r e s u l t s on ground s t a t e N2 r o t a t i o n a l t e m p e r a t u r e TR have r e c e n t l y been o b t a ined ( r e f . 4) by CARS a n a l y s i s from t h e cathode f a l l t o t h e n e g a t i v e glow o f d.c.
d i s c h a r g e s . A s shown i n Fig. 2 , it h a s been d e t e r m i n e d i n a 2 T o n , 2 mA ~r n -~ N2 d i s c h a r g e , TR v a l u e s which a r e growing from about 400 K i n t h e n e g a t i v e glow ( Z > 5mm) t o 750 K i n t h e c a t h o d e f a l l (Z = 0.1-lmm). The N2 molecule h e a t i n g i n t h e c a t h o d e f a l l can b e e x p l a i n e d by c h a r g e t r a n s f e r s from N2+ ions.
S p e c i a l a t t e n t i o n h a s been devoted t o t h e v i b r a t i o n a l d i s t r i b u t i o n o f N2(X,V) ground s t a t e i n t h e glow d i s c h a r g e . The c a l c u l a t e d v a l u e s a r e i n c r e a s i n g w i t h t h e r e s i d e n c e t i m e (10-3-10"2 s e c . ) i n t h e d i s c h a r g e and are w e l l r e l a t e d t o t h e e x p e r i m e n t a l r e s u l t s . D e n s i t i e s as h i g h t h a n
r e reproduced i n t h e N2 glow d i s c h a r g e . Such v i b r a t i o n a l s t a t e s a r e t h e most p o p u l a t e d e x c i t e d molecules as shown i n Table 1 , 103 t o 105 h i g h e r i n d e n s i t y t h a t for N2+ i o n s and e l e c t r o n s . The N atoms which are coupled t o t h e f i n a l s t e p o f t h e v i b r a t i o n a l d i s t r i b u t i o n (Ng (~=46) + N2 +N+N+N2) a r e a l s o s t r o n g l y p o p u l a t e d i n t h e glow d i s c h a r g e , i n t h e o r d e r o f 1 % as d e t e c t e d by NO t i t r a t i o n ( r e f . 6 ) .
ne = 1 . 7~1 0~~ cm-3, Tg = 550 K and r e s i d e n c e t i m e i n t h e d i s - Table 1 . Rectangles a r e t h e CARS experimental r e s u l t s f o r a r e s i d e n c e t i m e t = 10-2 sec. F u l l l i n e s a r e c a l c u l a t e d r e s u l t s ( 1 ) t = 3.5~10-3 s e c , ( 2 ) t= 10-2 s e c ( 3 ) t = 2 x 1 0 4 sec. PN2 = 2 T o r r , E/no = 5x10-16 V cm2, ne = 1.7 x l O j 0 cm-3, Tg = 550 K . t h e 91-values a r e d e c r e a s i n g i n t h e cathode f a l l from 4000 K i n t h e n e g a t i v e glow t o 2500 K near t h e cathode. The TR and 9, s i t e d i r e c t i o n s u g g e s t i n g t h a t t h e gas h e a t i n g i n t h e cathode f a l l i n c r e a s e s t h e v i b r a t i o n a l quenching of N 2 ( X , V ) molecules.
Plasma p a r a m e t e r s and d e n s i t i e s o f s p e c i e s i n N p o s i t i v e column 2 (R=lcm). (From e x p e r i m e n t a l r e s u l t s o b t a i n e d i n t h e Orsay LPGP).

P1 asma parameters Pressure
temperatures of N2 are varying i n t h e oppo-
EXCITED STATES OF PLASMAS FOR TIN DEPOSITION
The e x c i t e d s t a t e s of Ar-N2-H2 r e a c t i v e s p u t t e r i n g plasmas used for TiN d e p o s i t i o n on s t e e l s u b s t r a t e s have been analysed by emission spectroscopy as s h o w n i n F i g . 5.
More d e t a i l s on t h e experimental set-up a r e given i n r e f . 7. The plasma r e a c t o t i s a s t a i n l e s s s t e e l chamber, 45cm i n diameter and 90cm high. A s shown i n Fig. 5 
, a T i e m i t t e r i s l o c a t e d at t h e c e n t r e o f t h e r e a c t o r . It i s a c i r c u l a r a r r a y (5.2cm i n diameter and 15cm h i h h ) of e i g h t T i rods ( d i a . lcm). A p l a i n s t e e l s u b s t r a t e w a s p o s i t i o n e d a t a d i s t a n c e Z = 16cm from t h e T i cathode. A d.c. n e g a t i v e v o l t a g e (-1500 V) was a p p l i e d t o t h e cathode. The s u b s t r a t e w a s b i a s e d up t o -4OOV ( u s u a l l y
-15OV). The r e a c t o r w a l l was grounded. The d i s c h a r g e c u r r e n t w a s about 3A on t h e cathode and 0.5A on t h e s u b s t r a t e . T y p i c a l l y t h e gas mixture was 65% Ar-32.5% H2-
2.5% N2 a t a p r e s s u r e of 10-1 Torr and a flow r a t e o f 5Qh-l STP. The l i g h t e m i t t e d by t h e plasma was d e t e c t e d by t h e same o p t i c a l arrangement as shown i n Fig. 1. The o p t i c a l system r e s t e d on a r o t a t i n g t a b l e t h a t allowed a s p a t i a l d i s t r i b u t i o n s t u d y between t h e T i cathode (Kc) and t h e s u b s t r a t e ( S ) .
The e x c i t e d states o f T i , Ti', H , N2+, N2, Ar and A , ' have been d e t e c t e d . The spa-
t i a l d i s t r i b u t i o n of o e x c i t e d s t a t e s are c h a r a c t e r i z e d by a n e a r l y e x p o n e n t i a l l y decreasing of Ti atoms from t h e T i cathode t o t h e s u b s t r a t e and by a slow i n c r e a s i n g of N2 with a maximum v a l u e n e a r t h e s u b s t r a t e . This r e s u l t has been c o r r e l a t e d t o t h e r e s u l t i n g c o a t i n g s which v a r y from Ti2N c l o s e t o t h e T i e m i t t e r (7cm) t o T i N f u r t h e r away ( r e f . 7 ) . A s p e c i a l e f f e c t o f H2 had been observed i n t h i s r e a c t i v e s p u t t e r i n g discharge. The s p a t i a l d i s t r i b u t i o n s of A, '
, from t h e hollow cathode center?;=:? d u r i n g a l l t h e t i m e when t h e d i s c h a r g e w a s running. I n s i d e t h e Ti c a t h o d e a r r a y , t h e Ar+, T i + and T i e x c i t e d s t a t e which a r e r e l a t e d t o t h e p u l v e r i z i n g p r o c e s s were s t r o n g in i n t e n s i t y and t h e H and A, emission d i s a p p e a r e d ( c f . F i g . 7 ) . Such r e s u l t s were unchanged when 2% o f N2 was i n t r o d u c e d i n t o t h e Ar-lO% H2 g a s m i x t u r e and when t h e s u b s t r a t e was p o l a r i z e d or n o t . .. Fig. 6 . I n t e n s i t i e s ( r e l a t i v e units) o f H, T i , T i + , Ar, A , + e x c i t e d s t a t e s from t h e hollow c a t h o d e c e n t e r (Z=O) t o t h e s u b s t r a t e (Z=120mm). Ar-lO% H2 g a s m i x t u r e , s u b s t r a t e n o t d e g a s i n g by A, i o n p u l v e r i z i n g . F i g . 7. Same r a d i a t i v e s t a t e s as i n Fig. 6 . S u b s t r a t e d e g a s i n g by A, ion p u l v e r i z i n g and t h e n i n t r o d u c t i o n o f 10% H2 i n A, ( p = 0.1 T o r r ) .
. Experimental s e t -u p o f T i hollow c a t h o d e d i s c h a r g e f o r t i t a n i u m n i t r i d e d e p o s i t i o n ( p = 7 . 6~1 0 -~ T o r r , flow r a t e 5-6 R h-' STP, K, t i t anium e m i t t e r comprising an a r r a y o f 8 T i r o d s ( d i a . Icm), S s t e e l subs t r a t e , A l o o p e l e c t r o d e , 0 Pyrex window. s u b s t r a t e w i t h a n e g a t i v e v o l t a g e up t o 600 v o l t s ( i o n bombarding
1-\
0.2nm
H F i g . 8. Ha l i n e p r o f i l e s r e s p e c t i v e l y n e a r t h e s u b s t r a t e ( a ) , a t 60cm from t h e T i emitter ( b ) and n e a r t h e T i e m i t t e r ( c ) .
P r o f i l e s o f Ha emission have been r e c o r d e d from t h e T i e m i t t e r t o t h e s u b s t r a t e
( r e f . 8 ) . A s shown i n Fig. 8 , s u r p r i s i n g p r o f i l e s have been r e c o r d e d n e a r t h e s u b s t r a t e ( a ) , a t 6ocm from t h e T i c a t h o d e (b) and n e a r t h e c a t h o d e ( c ) i n a Ar-lO% N2 m i x t u r e .
The p r o f i l e s o f Ha c o n s i s t o f a narrow c e n t r a l peak o f w i d t h e q u a l t o 0.05nm. which t o p s a v e r y l a r g e and broad non g a u s s i a n component o f w i d t h 2 0-35 nm. The narrow peak i s t h e r e s u l t o f Doppler b r o a d e n i n g o f slow H atoms w i t h e n e r g i e s l e s s t h a n 1 ev. The broad component comes from f a s t H atoms whose e n e r g i e s a r e between 10 and 100 ev. Such f a s t H atoms a r e produced by d i s s o c i a t i v e i o n i z a t i o n o f H2 f o l l o w i n g t h e r e a ct i o n s :
The broad component i s dominant n e a r t h e s u b s t r a t e (Fig. 8 a ) when t h e H2 g a s f e e d was c u t o f f . Then t h e H d e s o r p t i o n from t h e s u b s t r a t e can produce Hp-which l e a d t o v i b r a t i o n a l l y e x c i t e d n e u t r a l molecules H2 ( X , V ) ( r e f . 9 ) and t o f a s t e x c i t e d H atoms f o l l o w i n g r e a c t i o n s 1 and 2.
It a p p e a r s from t h i s s t u d y t h a t t h e b e s t working c o n d i t i o n s o f T i s p u t t e r i n g a r e o b t a i n e d i n p u r e A, d i s c h a r g e . The r e a c t i v e H2 and N2 g a s e s a r e n e c e s s a r y t o o b t a i n unpowdery TiN c o a t i n g s b u t t h e y must be i n t r o d u c e d i n such a manner t h a t t h e Ar-Ti plasma p r e v e n t s t h e p o i s o n i n g o f t h e c a t h o d e and s u b s t r a t e metal b o d i e s by t h e s e r e a c t i v e g a s e s .
CONCLUDING REMARKS
The s p e c t r o s c o p y o f plasmas f o r s u r f a c e t r e a t m e n t s i s an i n s i t u d i a g n o s t i c s a l l owing t o s t u d y t h e b e h a v i o u r o f t h e a c t i v e s p e c i e s d u r i n g a g i v e n p r o c e s s . For s t e e l n i t r i d i n g , t h e N2+ i o n s and t h e N2(X.V) and N n e u t r a l s p e c i e s a p p e a r t o b e r e l e v a n t s p e c i e s . The H2 g a s i s i n t r o d u c e d i n t o t h e n i t r i d i n g plasmas presumably t o d e s t r o y t h e m e t a l s u r f a c e o x i d e s and a l s o t o o b t a i n unpowdery T i N c o a t i n g s . But c a u t i o n must be t a k e n w i t h H2 i n s p u t t e r i n g d i s c h a r g e s s i n c e t h e c a t h o d e and t h e s u b s t r a t e c o u l d b e p o i s e n e d by t h i s r e a c t i v e g a s p e r t u r b i n g t h e plasma working c o n d i t i o n s .
